Abstract Therapeutic options for multiple sclerosis (MS) have significantly increased over the last few years. T lymphocytes are considered to play a central role in initiating and perpetuating the pathological immune response. Currently approved therapies for MS target T lymphocytes, either in an unspecific manner or directly by interference with specific Tcell pathways. While the concept of BT-cell-specific therapyî mplies specificity and selectivity, currently approved approaches come from a general shaping of the immune system towards anti-inflammatory immune responses by non-T-cellselective immune suppression or immune modulation (e.g., interferons-immune modulation approach) to a depletion of immune cell populations involving T cells (e.g., anti-CD52, alemtuzumab-immune selective depletion approach), or a selective inhibition of distinct molecular pathways in order to sequester leucocytes (e.g., natalizumab-leukocyte sequestration approach). This review will highlight the rationale and results of different T-cell-directed therapeutic approaches coming from basic animal experiments to clinical trials. We will first discuss the pathophysiological rationale for targeting T lymphocytes in MS leading to currently approved treatments acting on T lymphocytes. Furthermore, we will disuss previous promising concepts that have failed to show efficacy in clinical trials or were halted as a result of unexpected adverse events. Learning from the discrepancies between expectations and failures in practical outcomes helps to optimize future research approaches and clinical study designs. As our current view of MS pathogenesis and patient needs is rapidly evolving, novel therapeutic approaches targeting T lymphocytes will also be discussed, including specific molecular interventions such as cytokine-directed treatments or strategies enhancing immunoregulatory mechanisms. Based on clinical experience and novel pathophysiological approaches, T-cell-based strategies will remain a pillarstone of MS therapy.
Introduction
In the last few decades, treatment strategies for multiple sclerosis (MS) have undergone radical change. Approximately 25 years ago, interferon (IFN)-β and glatiramer acetate revolutionized the field of MS therapy as, for the first time, it was possible to suppress new relapses, thereby improving the disease course and long-term disability of patients with MS. These so called disease-modifying drugs have broad immune-modulatory effects, including effects on T-cell activation, shifting of antigen-specific responses towards a helper T cell 2 (Th2)/regulatory T cell (Treg) pattern, as well as on blood-brain barrier (BBB) transmigration and local inflammatory events within the central nervous system (CNS). However, their therapeutic potential is limited as they reduce the annual relapse rate (ARR) by about 30-40 % [1, 2] . With the approval of the monoclonal antibody (mAb) natalizumab, a new era of selective therapeutic approaches has entered the field of neuroimmunotherapy. Novel emerging therapies are often sophisticated mAb approaches based on a growing understanding of the underlying molecular signatures and immunepathophysiology of MS. The most common treatment strategies include a targeting of cell surface markers and receptors, an antagonization of soluble signal molecules, or a depletion of specific immune cell populations. In this review, we will first discuss the available data arguing for a key role of T lymphocytes in the pathophysiology of MS. We will include a brief summary of currently approved drugs targeting T lymphocytes and discuss previous promising concepts that have failed expectations in clinical trials, as well as novel, attractive T-cell strategies currently under development.
Pathophysiological Rationale for Targeting T Cells in MS
MS is a prototypic chronic autoinflammatory disease of the CNS initiated by a breakdown of peripheral immune tolerance to as yet unidentified antigens in genetically predisposed individuals [3] . The pathogenesis of MS is complex and involves nearly all cell types of the adaptive and innate immune system. T cells have traditionally been a key target of MS research and their assumed central role for MS pathology is based on data from extensive studies not only in animal models (which biased research and pathogenetic concepts towards Th cells), but also from MS lesions, genetic susceptibility, and, finally, the mode of action of approved immunotherapies [4] . MS has therefore long been considered the Bclassical^prototype of a T-cell-mediated autoimmune disorder. This view still holds true, even in light of growing evidence of an additional involvement of B cells, cytokines, innate immune cells, or immune system-independent neurodegenerative mechanisms. Abundant evidence could be acquired in favor of a central role of T lymphocytes in MS pathology. Inflammatory lesions in the CNS of patients with MS contain considerable numbers of both CD4 + and CD8 + T cells [5] . Interestingly, active MS lesions in some patients have a predominance of CD8 + T cells and clonal expansion of CD8 + T cells but not CD4 + T cells [6] . In contrast, murine experimental autoimmune encephalomyelitis (EAE) lesions are dominated by CD4 + T lymphocytes [7, 8] . Adoptive transfer of both Th1-and Th17-polarized cells from mice with EAE symptoms could transfer disease to recipient animals and depletion of CD4 + T cells from mice with EAE symptoms led to suppression of disease symptoms [9] [10] [11] . Data from different genome-wide susceptibility screens have now identified > 150 genes and nearly all of them are associated with the immune system [12] . Furthermore, the largest group of genes is involved in antigen presentation to T cells or in Tcell pathways themselves [13, 14] . An integrated analysis of genome-wide association studies with DNAse hypersensitivity sites in 112 cell types showed that Th1, Th17, and CD8 + T cells are those in which MS-associated genes are most active [15] . In a study with patients with clinically isolated syndrome, gene analysis was performed in naïve CD4
+ T cells at baseline and 1 year after developing a second relapse, that is, clinically definite MS [16] . Ninety-two percent of patients who converted to clinically definite MS displayed a decreased expression of the transcription regulator Tob1, a key regulator of T-cell quiescence. These results were confirmed in the EAE model, demonstrating that loss of T-cell quiescence is associated with inflammatory relapses in MS [17] . From a clinician's point of view, currently approved therapies used in MS include the targeting of T lymphocytes but are not selective or specific for T cells. They do this either directly (e.g., natalizumab, alemtuzumab, fingolimod) or at least affect them among other immune cells in therapy concepts with pleiotropic effects on the immune system (e.g., glatiramer acetate, IFN-β [18, 19] ). However, none of these are T-cell-selective or antigen-specific. Based on the pathophysiological concept and results, numerous different strategies for T-cell-based immunotherapy have been proposed previously and some of them have either proved their usefulness in daily clinical practice or are currently being evaluated in clinical trials. Extensive preclinical research on basic pathological mechanisms of T-cell-mediated CNS autoimmunity facilitates the advancement of preclinical research findings towards meaningful clinical approaches for patients with MS.
Approved or Late-stage Preclinical Therapies Targeting T Cells in MS
Various strategies of immune intervention have been considered for attenuating disease activity and progression in MS. In the last 2 decades, there has been considerable progress in immune therapy for MS [20] . While the first generation of drugs (IFN-β, glatiramer acetate) acts via pleiotropic effects on the immune system, a deeper understanding of pathological immune processes has led to highly specific and targeted novel therapeutic approaches. At present, all approved therapies for MS have an influence on functional properties of T lymphocytes (see Table 1 ). In the current review, the focus is on mAb therapies conceptually directed at specific T-cell pathways (natalizumab, alemtuzumab, daclizumab). We will not discuss the mode of action of other therapies also affecting T cells (including IFN, glatiramer acetate, mitoxantrone, fingolimod, teriflunomide, and dimethylfumarate; Table 1 ).
Natalizumab
Natalizumab is a humanized mAB direct against α4-integrin molecules preventing leukocyte migration across the BBB [35, 36] . The main mode of action in MS is the inhibition of the molecular interaction between α4β1-integrin [very late antigen 4 (VLA-4)] on T lymphocytes and vascular cell adhesion protein 1 on endothelial cells. The disruption of this process antagonizes a key molecular interaction essential for leukocyte adhesion and necessary for efficient migration across the BBB. This leads to a reduction of infiltrating immune cells and lower levels of CNS inflammation, as has been confirmed using animal models [37] [38] [39] . Natalizumab showed efficacy in 2 double-blind, placebo-controlled, multicenter phase III studies against placebo and IFN-β1a (AF-FIRM and SENTINEL), leading to its approval nearly 10 years ago. Based on the results of these clinical trials, clinical experience, and phase IV studies, natalizumab appears to be one of the most potent drugs currently available for the management of MS. The major drawback of this potent therapy is the rare reactivation of latent JC virus (JCV), leading to progressive multifocal leukoencephalopathy (PML). PML is an often fatal inflammation of the brain caused by a viral infection of oligodendrocytes and neurons accompanied by an immune reaction against infected cells, leading to permanent neurological damage. Risk evaluation tools have been developed to determine the individual risk of developing PML [40, 41] . Classicaly, 3 risk factors have been established: anti-JCV antibody status, duration of treatment with natalizumab of > 2 years, and prior treatment with immunosuppressive therapies such as mitoxantrone. Currently, 2 novel independent approaches are being evaluated that have been proposed as additional risk stratification parameters: anti-JCV antibody titers and Lselectin (CD62L) expression levels [42] [43] [44] . While the association of PML and natalizumab is well established, a small number of cases have also been reported for patients treated with dimethylfumarate and fingolimod [45, 46] . Further studies on risk stratification for PML under different treatment options are clearly recommended.
In summary, natalizumab has proven to be a highly effective treatment against inflammatory activity in patients with MS. Natalizumab reduces leukocyte entry with a certain differentiation between distinct immune cell subsets. It has become clear that lymphocytes depend on different trafficking routes into the CNS, each of them characterized by a different set of endothelial or epithelial cells with a unique expression of (adhesion) molecules. Treatment with natalizumab changes the CNS inflammatory milieu rather than completely disrupting any immune surveillance in the CNS [47] . In this context, it was shown that long-term treatment with natalizumab leads to an upregulation of P-selectin glycoprotein ligand-1 on T cells, enhancing their rolling capacity over endothelial cells. Under these circumstances, a subpopulation of T cells expressing melanoma cell adhesion molecule is able to adhere to endothelial cells independently of the VLA-4 pathway [48] . In vivo, this results in high quantities of melanoma cell adhesion molecule-expressing T cells (mainly Th17 cells) in the cerebrospinal fluid (CSF) of patients treated with natalizumab. Obviously, these cells are unable to trigger relapses on their own as entry of Th1 cells depending on VLA-4 is blocked by natalizumab. However, another important aspect is the observation of reoccurrence of disease activity in patients with MS after cessation of natalizumab treatment, which can be partially explained by the mechanism of action: as relapse-triggering Th17 cells are already located within the CNS, the removal of the VLA-4 blockade initiates a strong recruitment of Th1 cells, enhancing relapse activity. Up to 50 % of patients suffer from significant clinical detoriation after de-escalation of natalizumab therapy and optimal clinical management is still a matter of discussion [49] [50] [51] . The unique situation in MS therapy is the availability of a very potent drug that exerts a clear risk in a subgroup of patients. As a consequence, a clear need for a personalized risk-management and risk-mitigation strategies has been requested, and natalizumab has already shown some paradigmatic approaches for individual risk stratification efforts, alredy partially useful in clinical practice [41] . The need for personalized risk management will become even more crucial in future, owing to other novel therapeutic approaches in patients with MS. It is very important to note that the experience with natalizumab has tought important lessons for the underlying pathogenesis of various other autoimmune inflammatory CNS disorders. Specificallly, Th1-driven MS pathology might be effectively treated with blockade of VLA-4, but Th17-driven pathology will probably not respond. Indeed, natalizumab has been reported to exacerbate disease symptoms in neuromyelitis optica spectrum disorders (NMOSD) [52, 53] . Th17 cells and B cells have been strongly implicated in the pathogenesis of NMOSD and natalizumab causes not only an enrichment of Th17 cells in the CSF, but also a redistribution of lymphocyte subsets in the periphery. Levels of immature B cells and plasma cells are elevated in the blood of patients treated with natalizumab [53] . All together, the lack of clinical treatment response to natalizumab in NMOSD underlines both the heterogenic pathophysiology of MS and NMOSD and the need to develop therapies targeting different CNS entry pathways.
Furthermore, second-generation approaches targeting VLA-4 are underway, which might present an improved risk profile for PML. A phase II trial showed efficacy in 88 patients treated with the CD49d antisense oligonucleotide ATL1102 [54] . Other pharmacological strategies are derived from important tissue-specific differences of α4-integrins. While α4β1 integrin mediates the migration of T lymphocytes into the CNS, bone marrow, and skin via adhesion to vascular cell adhesion protein 1, α4β7 integrin preferentially regulates the migration of T lymphocytes into the gut via adhesion to mucosal adressin cell adhesion molecule 1. In 2014, the α4β7 integrin-specific antibody vedolizumab was approved for Crohn disease and ulcerative colitis [55] . Treatment with vedolizumab is expected to provide gut-specific immunosuppression without systemic effects. Indeed, no cases of PML have so far been reported for vedolizumab.
However, a putative role for α4β7 integrin inhibitors in MS seems unlikely as this pathway has so far not been shown to be involved in experimental models [56] . In agreement with this, vedolizumab did not affect experimental autoimmune encephalomyelitis in nonhuman primates [57] , and, in healthy volunteers, it did not influence trafficking of CD4 + and CD8 + T cells into the CNS.
Alemtuzumab
CD52 is a cell-surface glycoprotein with largely unknown biological functions that is predominantly expressed on T and B lymphocytes and, to a lesser degree, on monocytes, macrophages, and eosinophil granulocytes but not on their respective hematopoietic precursors [58] . Targeting of CD52 by alemtuzumab selectively depletes CD52-bearing immune cells rapidly after infusion by antibody-dependent and complement-dependent cytolysis [32, 59, 60] . The slow repopulation of these cell populations from hematological stem cells is believed to reset and rebalance immunological responses, mediating long-term beneficial therapeutic effects [33, 61] . While the half-life of alemtuzumab itself is only a few days, the slow repopulation of immune populations follows a distinct temporal and probably spatial pattern. Monocytes recover to baseline levels after 3 months, as do B lymphocytes, which show a further increase and overshoot to approximately 150 % of baseline levels after 12 months [58, 62] . CD8 + T lymphocytes reach starting levels after 31 months, while CD4 + T cells need around 60 months for complete restauration. The repopulation of the immune system is accompanied by a long-term reduction of MS-related inflammatory responses. Recovered immune cells show a bias towards a tolerogenic phenotype with elevated numbers of regulatory T lymphocytes, a shift towards Th2 responses, increased levels of immunoregulatory cytokines [transforming growth factor-β, interleukin (IL)-10] and lower levels of Th1 and Th17 cytokines (IFN-γ, IL-12, and IL-17) and higher expression levels of co-inhibitory receptor molecues (programmed cell death protein 1, lymphocyte-activation gene 3) on T lymphocytes [63, 64] . Autoreactive T-cell clones were reduced after immune cell reconstitution and T cells displayed an increased T-cell receptor (TCR) diversity [61, 65] . The migratory capacity of T cells was shown to be reduced after alemtuzumab treatment, leading to a lower migration of T cells into the CNS. These data demonstrate that alemtuzumab treatment goes beyond a simple immune cell depletion approach. Instead, alemtuzumab influences qualititative functional properties of immune cells, promoting a rebalancing of immune tolerance networks in MS.
In phase II (CAMMS223) and phase III (CARE-MS I and CARE-MS II) clinical trials, alemtuzumab has shown high efficacy on clinical and radiological disease outcome parameters in replasing-remitting MS (RRMS). The randomized, rater-blinded, phase III clinical trials demonstrated superiority of alemtuzumab over IFN-β1a concerning clinical disease activity measured according to ARR and radiological parameters [58] . A significant difference in the sustained accumulation of confirmed disability was only observed for CARE-MS II but not for CARE-MS I. This result is most likely owing to the unexpectedly low rate of disability progression in the IFN-β1a group, indicating an underpowered clinical trial (11 % instead of the expected 20 %, based on the CAMMS223 trial and historical data). Novel readout parameters showed that significantly more patients were free of any clinical and magnetic resonance imaging (MRI) disease activity (no evidence of disease activity) in the alemtuzumab compared with the IFN-β1a group. Preliminary data from extension studies from patients completing the phase II and III trials demonstrate substained effects on relapse rate, disability, and MRI measures [66] . No evidence of disease activity was observed in 50-60 % of patients in years 3 and 4 after starting alemtuzumab, and a substantial proportion of patients have a stable or improved expanded disability status scale score over 3-4 years (data presented at the European Committee for Treatment and Research in Multiple Sclerosis congress 2014 and the American Academy of Neurology congress 2015). The 4-year follow-ups support the notion that alemtuzumab leads to a sustained Bimmune reprogramming^after immune cell reconstitution as retreatment rates were only 36 % and 32 % (CARE-MS I and II, respectively) over 3 years since the initial 2 treatment courses. Only 2-5 % of patients received other disease-modifying drugs in years 3 and 4.
In summary, alemtuzumab treatment aims at a sustained reprogramming of the immune system and avaible clinical data underline the strong effect of this new therapy for patients with MS. Detailed studies on the subtype composition and functional properties of both the T-and B-lymphocyte compartment after repopulation will provide further valuable information on the exact mode of action of alemtuzumab after cell depletion in the future. Frequent and considerable adverse events are the major drawback of alemtuzumab treatment. Infusion-associated reactions and mild-to-moderate infections occur regularly but can, in almost all cases, be safely controlled by routine clinical measures. Opportunistic infections in patients treated with alemtuzumab have been reported in single cases before. Of note, a first report of listeria meningitis in the CAMMS223 trial was followed by 2 cases in patients with MS, occurring immediately after the first cycle of alemtuzumab infusions [67] . Therefore, physicians and patients should be aware of the possibility of rare opportunistic infections following alemtuzumab treatment. In contrast, treatment with alemtuzumab is associated with secondarily induced autoimmune phenomens. When summarizing experience from all clinical trials, thyroid autoimmunity occurred in 30-40 % of patients with a range of onset from 6 to 61 months, and a peak in year 3, after alemtuzumab [68, 69] . Idiopathic thrombocytopenic purpura can be found in 1-3 % of patients whith the index patients having succumbed to a lethal intracranial hemorrhage. Additionally, 4 cases of glomerulonephritis (0.3 % of patients) and single cases of autoimmune neutropenia, hemolytic anemia, and type 1 diabetes have been reported [70, 71] . The development of secondary autoimmune phenomens seems to have no impact on the efficacy of alemtuzumab itself. These findings demonstrate that strict and continuous monitoring in all patients receiving alemtuzumab is indispensable for years after treatment induction. The underlying mechanisms of secondary autoimmune phenomens are not completely understood, and different hypotheses have been proposed. An incomplete depletion of few autoreactive T lymphocytes might favor their expansion, while a delayed T-cell recovery favors an uncontrolled reoccurrence of B lymphocytes. Altered cytokine levels (e.g., IL-21 or IL-7) have also been proposed to be involved. Clearly, future studies are necessary to identify biomarker signatures indicative for individual risks of post-treatment autoimmune responses, as well as to identify treatments for the occurrence of secondary autoimmune reactions under alemtuzumab [72, 73] .
Recently, a phase I study was initiated with a nextgeneration anti-CD52 mAb (GZ402668, NCT02282826; Table 2 ) in patients with progressive MS, underlining ongoing research interest in this direction.
Daclizumab
Daclizumab is a humanized IgG antibody targeting CD25 and thereby preventing the binding of IL-2 to its receptor, which is highly expressed on activated T lymphocytes and regulatory CD4 + CD25 + FoxP3 + T lymphocytes [74] . Daclizumab does not trigger cell depletion or interfere with CD25 receptor signaling itself. Interestingly, the mode of action of daclizumab is only partially explained by a direct inhibition of T-cell activation or autocrine T-cell expansion, and only a modest reduction of CD4 + and CD8 + T-cell populations can be observed [75] . Higher levels of available IL-2 support an expansion of cells that constitutively express the intermediate affinity IL-2 receptor, such as CD56 bright natural killer (NK) cells [76] , a distinct cell population with immunoregulatory properties suppressing antigen-specific responses. Therapy response in clinical studies correlated with an increase of CD56 bright NK cell levels in the peripheral blood and CSF [77, 78] . Despite some supporting publications on NK cells in MS, their functional role and relevance is currently incompletely understood. In EAE, depletion of NK cells led to an exacerbation of disease symptoms [79] . Observations from other treatment concepts show that therapy with IFN-β leads to an expansion of CD56 bright and a decrease of cytotoxic CD56 dim NK cells [80] . Intriguingly, the biological effects of daclizumab are most likely based on different modes of action, namely 1) a reduction of early T-cell activation by blocking IL-2 crosspresentation via dendritic cells; 2) an expansion and enhancement of immunregulatory CD56 bright NK cells [81] ; and 3) a reduction of proinflammatory lymphoid tissue-inducer cells [82] . It can be assumed that these different pathways, taken together, lead to a rebalancing of the immune regulatory network in patients with MS. The immunregulatory effects of daclizumab display novel modes of action than currently approved therapeutics, enhancing future treatment opportunities for patients with MS. Furthermore, owing to its effects on rebalancing autoimmune responses, a potential effect on NMOSD awaits further clarification. Studies in patients with NMOSD might be of special clinical interest in light of a lack of effect of other novel MS treatment options (natalizumab and probably also alemtuzumab).
The efficacy of daclizumab has been tested in clinical trials, including a randomized multicenter phase IIb trial (CHOICE), a phase II/III placebo-controlled, randomized trial (SELECT), and a phase III study comparing daclizumab and IFNβ-1a (DECIDE). In the CHOICE trial, daclizumab was tested at either 1 or 2 mg/kg as an add-on therapy to IFN-β, leading to a dose-dependent reduction of new or enlarged gadoliniumenhanced lesions [76] . In the SELECT trial, patients were randomized to 2 doses of daclizumab (150 and 300 mg) and placebo treatment every 4 weeks for 1 year. Daclizumab reduced the ARR by 54 % in the 150 mg group and 50 % in the 300 mg group compared with placebo, and the study initiators decided to focus on 150 mg daclizumab rather than IFN-β1a in the DECIDE trial. The ARR was significantly lower for daclizumab compared with IFN-β1a (0.216 vs 0.393, a reduction of 45 %). In addition, MRI revealed 54 % fewer new or enlarging CNS lesions. The effect on disability progression was less pronounced, with daclizumab being only slightly more effective than IFN-β at reducing the risk of increased disability lasting for 3 months [83] . In general, daclizumab has a favorable safety profile and has been in long-term use in oncology and transplantation medicine. However, the side effects of daclizumab in clinical trials include a higher rate of potentially serious infections, liver abnormalities, skin reactions, and a tendency to develop secondary autoimmune phenomena in a number of patients [84, 85] . The 2 most relevant safety problems seem to be various cutaneous events (e.g., rash, eczema, acne, erythema, pruritis) and liver function abnormalities. Skin reactions were reported in 37 % versus 19 % of patients in the daclizumab high-yield process and IFN-β1a groups, leading to treatment discontinuation in 5 % versus 1 % of patients. The most common skin reactions were rash and eczema, while serious cutaneous events were reported only in 2 % and 1 % of patients, respectively. Elevations of liver enzymes > 5 times the upper limit of normal occurred in 6 % and 3 % of patients, respectively. While these elevations were most commonly observed during the first year of IFN-β1a treatment, in the DECIDE study they were evenly distributed over time during daclizumab treatment. Of note, most side effects were self-limited or could be successfully managed by treatment discontinuation and/or treatment with cortisone. Approval has been applied for (2015) and approval is expected in 2016. Because of the associated adverse effects, this first self-administrable, subcutaneously injectable mAb should be accompagnied by a strict monitoring and safety program in clinical practice.
Failed Approaches or Therapeutic Concepts with Inconclusive Results
Even though multiple drugs have been approved since 1993 for the treatment of patients with RRMS (Table 1) , a large number of therapeutic concepts failed to show benefit in clinical trials, despite a sound scientific rationale and promising data from preclinical animal models. Failure of these interventions has nonetheless provided important information for a better understanding of the pathophysiology of MS. Therefore, we will provide a short overview of important failed clinical trials aiming at (more or less direct) T-cell intervention in MS.
Anti-CD3 and Anti-CD4-directed Therapies (Muromonab and Priliximab)
One of the pivotal steps in initiating autoimmune inflammation is the activation of autoreactive T cells in the periphery via TCR-mediated recognition of autoantigens. After transmigration across the activated BBB, immune cells become reactivated by local CNS-resident antigen-presenting cells (APC). CD4 + and CD8 + cytotoxic T cells recruite further inflammatory cells types and trigger demyelination and axonal damage. Modulation of T-cell differentiation and rebalancing pathogenic Th1/Th17 cells towards a Treg/Th2 phenotype represents an attractive pathway for therapeutic interventions.
Initial T-cell-directed concepts aimed at a broad depletion of autoreactive T cells using monoclonal antibodies against pan-T-cell marker molecules [86] . Early phase I studies started nearly 30 years ago by initially demonstrating suppression of in vitro measures of human immune responses [87] . However, clinical trials targeting CD3 (muromonab) and CD4 (priliximab) unfortunately-and to the surprise of some within the community-yielded negative results in patients with MS. Muromonab (OKT3) was tested in an open-label trial in 16 patients with RRMS and progressive MS [88] , and showed significant hematological and systemic toxicity without convincing beneficial clinical effects. In contrast, treatment with anti-CD4 monoclonal antibodies was better tolerated, without major toxic side effects [86, [89] [90] [91] ]. An open-label trial with the chimeric anti-CD4 antibody priliximab induced a sustained reduction of CD4 + T cells in the peripheral blood.
However, in a phase II clinical trial in 71 patients, no significant effects were observed for gadolinium-enhancing lesions and expanded disability status scale progression over 9 months. Further analysis revealed that priliximab preferentially reduced circulating naïve T cells and nonactivated Th1 cells. The lessons from these first attemps was that targeting widely distributed and rather Bunselective^T-cell surface markers failed because of side effects and a lack of clinical effect. [86, 97] . In a direct approach, the use of IL-23 KO mice showed the crucial role of this cytokine for EAE induction. IL-23 drives the induction of IL-17-producing T cells and adoptive transfer of Th17 cells causes severe EAE symptoms, while IL-17 KO mice are protected from EAE symptoms [94] . Ustekinumab was developed as a mAb directed against the IL-12/IL-23 p40 subunit, showing efficacy in a preclinical marmoset model of EAE [98] . Subcutaneous administration was well tolerated in a phase I trial in patients with RRMS [99] . Based on this study, ustekinumab was tested over 19 weeks in a randomized, double-blind, placebo-controlled, dose-ranging phase II study in 249 patients with RRMS. No significant differences were observed for new gadoliniumenhancing T1-weighted lesions, which were defined as the primary end point, nor for clinical parameters [100] . The reason for the negative results found for ustekinumab are not yet fully understood. However, the antibody is currently approved for the treatment of psoriasis, an autoimmune disorder with many immunological similarities to MS. Basic immunological differences in MS have been proposed, for example wrong window of time for treatment and relative importance of Th17 cells [101] . Furthermore, specific properties of the IL-12 signaling pathway including independent levels of IL-12 p40 subunits and its respective heterodimers might present an alternative explanation [102] .
IL

Anti-CD40L Antibody (Toralizumab)
Blockade of co-stimulatory pathways or activation of coinhibitory pathways have been proposed as promising strategies against autoimmune-mediated stimulation of T lymphocytes. The CD40-CD40L pathway plays an important role in interaction between T cells and B cells or dendritic cells. Activation of this pathway enhances antigen-specific T-cell proliferation and promotes B-cell differentiation. A pilot study with a humanized anti-CD40L antibody (toralizumab) showed favorable results and a phase II, double-blind, placebo-controlled study was initiated with 40 patients with RRMS [103] . However, the trial was halted prematurely because of safety concerns after 3 reports of thromboembolism in a concomitant study of toralizumab in patients with Crohn disease [104] . While it is still unclear whether this might have been due to anti-CD40L blockade itself, for example by crossreactivity with activated platelets, no further attempts in patients with MS have been conducted owing to unfavorable risk-to-benefit expectations.
Therapies Aiming at T-lymphocyte Migration [Anti-α4β Integrin (Firategrast) and Anti-LFA-1 (Rovelizumab)]
Apart from natalizumab, different therapies targeting T-cell migration pathways have been and still are being evaluated. Firategrast is an mAb therapy acting against anti α4β1/α4β7 integrins, preventing migration of inflammatory T lymphocytes into the CNS, similar to natalizumab therapy. In contrast to natalizumab, firategrast is taken orally and is short-acting, providing differences in bioavailability and pharmacodynamics. Results from a randomized, double-blind, placebo-controlled, phase II study in 343 patients with RRMS showed that the highest dose of firategrast resulted in a significantly lower cumulative number of new gadolinium-enhancing lesions (49 %) [105] . However, experience from the phase II natalizumab trial reported a 92 % reduction [106] , pointing towards a lower efficacy of firategrast than expected. Furthermore, none of the doses of firategrast resulted in a significantly lower frequency of relapses compared with placebo. At present, it is unclear whether a phase III study will be initiated.
Leukocytes express lymphocyte function-associated antigen 1 (LFA-1) on their surface and LFA-1/intracellular adhesion molecule 1 interaction inhibits cell adhesion between leukocytes and vascular endothelial cells. An open phase I study in 24 patients and a subsequent phase II study were performed in 169 patients using a humanized monoclonal anti-LFA-1 antibody (rovelizumab). No significant benefits in clinical or MRI outcomes were observed [107, 108] . This demonstrates that some mechanisms regulating cell migration over the BBB seem to be redundant and that novel target molecules need to be chosen carefully. In this context, previous experiences using the LFA-1 neutralizing antibody efalizumab should be kept in mind [109] . This antibody was approved for the treatment of psoriasis until its withdrawal because of 2 cases of fatal PML. As evalizumab was not studied in patients with MS, general conclusions about a potential risk of LFA-1 blockade for PML development cannot be easily drawn. Interestingly, evalizumab had only small effects on CNS migration rather then acting on activation and proliferation of naïve T cells and antigen-specific restimulation of memory T cells.
Future T-cell-directed Therapeutic Approaches
Induction of Antigen-specific Immunotolerance Potential autoreactive T lymphocytes are eliminated in thymic T-cell generation. However, this principle of thymic education (based on positive and negative selection) is incomplete and supported by several mechanisms of peripheral tolerance induction and maintenance. A limited number of self-reactive T cells escape the thymus and are present in the peripheral T-cell repertoire where they might become activated initiating autoimmune diseases. Inhibition of autoreactive T cells through induction of antigenspecific immune tolerance holds the promise of effective treatment of autoimmune pathology with few side effects and preservation of normal immune functions [110] . In MS, a number of different approaches have already been tested in clinical trials or in currently ongoing trials with the aim of inhibiting myelin-reactive immune responses.
Myelin Peptide-based Approaches
In the actively induced EAE model, antigen-specific inhibition of disease symptoms can be achieved by administration of tolerogenic myelin antigens. Different administration routes (intravenously, transdermally, intranasally, orally) have been assessed experimentally [111] , and while all of them seem to achieve tolerance induction, different pathways seem to be involved, for example elimination of antigen-specific cells by induction of apoptosis or anergy, or induction of tolerogenic antigenspecific cells [110] . A number of attempts have so far been assessed in human trials. Nearly 20 years ago, the oral administration of myelin basic antigen protein or peptides was found to suppress EAE symptoms [112, 113] . Subsequently, a large phase III, placebocontrolled trial was performed and patients received bovine myelin-containing myelin basic protein (MBP) and protein lipoprotein (PLP) orally. Overall, the clinical outcome of this trial was negative [114] , while some beneficial effects were observed for immunological parameters. Oral antigen uptake induced a shift towards tolerogenic immune cell populations: Th2, transforming growth factor-β-producing T cells, and suppressive CD4 + CD25 -LAP + T cells [115] . Another attempt was made using intravenous administrations of soluble MBP peptide (MBP82-96). While this treatment was well tolerated and showed promising effects in phase I/II clinical trials [116, 117] , a subsequent doubleblind, placebo-controlled phase III trial in > 600 human leukocyte antigen (HLA)-DR2/4-positive patients with secondary progressive MS (SPMS) failed [118] . Negative results were also reported for intravenous injections of another approach using a soluble major histocompatibility complex (MHC)-peptide complex in patients with SPMS (MHC-MBP84-102 [119] ). RTL1000 [myelin oligodendrocyte glycoprotein (MOG)35-55 peptide bound to single-chain domains of HLA-DR2) showed efficacy in the EAE model, and a phase I trial showed that this treatment was well tolerated [120] . At present, no information is available on whether a phase II trial will be initiated. Possible reasons for the failure of these trials include patient selection, as immune tolerance might be more effective in patients with early RRMS. Furthermore, the primary target antigen in MS is not known and it is likely that a mixture of different potential target proteins might yield better results. Based on that assumption, another phase I trial has tested a single infusion of autologous peripheral blood mononuclear cells chemically coupled with seven different myelin peptides (MOG1-20, MOG35-55, MBP13-32, MBP83-99, MBP111-129, MBP146-170, and PLP139-154) in 7 patients with RRMS and 2 with SPMS [121] . Patients receiving higher doses showed a decrease in antigen-specific T-cell responses, indicating a good feasibility and tolerability of this approach.
As an alternative application route, transdermal administration of a mixture of 3 myelin peptides (MBP85-99, MOG35-55, and PLP139-151) has been tested in a double-blind, phase II, placebo-controlled trial in 30 patients with RRMS [122] . After 1 year, patients treated with myelin peptide skin patches showed a significantly better outcome in clinical radiological parameters and treatment was well tolerated. So far, no official announcement concerning a phase III trial with this treatment has been made. ATX-MS-1467 is a mix of 4 synthetic myelin peptides derived from MBP protein. It has shown a favorable profile in 2 phase I trials in patients with SPMS and RRMS (NCT01097668; see [123] ), and a phase II trial in patients with RRMS is currently ongoing (NCT01973491; Table 2 ). In summary, myelin peptide-based tolerization approaches are intruiging from a pathophysiological point of view, while currently 2 myelin peptide-based approaches using a mixture of different epitopes in patients with RRMS still have the potential to demonstrate clinical efficacy in the future.
Altered Peptide Ligands
TCR activation involves recognition of an immunogenic peptide bound to MHC receptors on APC by the TCRs, initiating a downstream signaling cascade. Altered peptide ligands (APL) are synthetic peptides derived from MHC-binding antigenic peptide and are modified in order to change MHC-TCR binding characteristics, leading to tolerogenic immune responses to the original peptide [110] . These can either be explained by partial activation of T cells, by induction of suppressive Th2 T cells, or by a direct antagonism of peptide and APL [124] [125] [126] . A phase II trial with an APL derived from the immunodominant MBP83-99 peptide was halted owing to increased relapses in 3/8 patients receiving the high-dose regime [127] . Immunological analysis revealed that APL treatment expanded proinflammatory encephalitogenic MBP83-99 T cells, leading to clinical relapses. At the same time, an ongoing larger clinical trial was stopped for safety reasons. Later analysis showed that, differently from the first trial, immunological and radiological results showed a tendency to beneficial effects [128, 129] . The reasons for the failure of the first trial remain unclear but might include dosedependent immunological effects. In summary, data from first approaches using APL show inconclusive results and future clinical attempts need to be accompanied by a strict monitoring of unexpected disease activity.
Autologous T-cell Therapy
The concept of TCR vaccination is based on administration of either attenuated autologous antigen-specific T cells or peptides from the autoantigen-specific complementarity determining region (CDR) region of these T cells, aiming at the induction of an immune response directed against pathogenic T cells [130, 131] . Small open-label studies revealed that this treatment was well tolerated and showed a reduction in the frequency of myelin-reactive T cells. A randomized, doubleblind trial of autologous attenuated myelin-specific T cells was conducted in 33 patients with RRMS [132] . T cells were isolated from the peripheral blood of patients, stimulated with 9 different peptides derived from MBP, MOG, and PLP protein, attenuated by irradiation, and administrated subcutaneously. This trial showed that this procedure was safe and provided indications for clinical efficacy.
A randomized, placebo-controlled, phase IIb trial was conducted using myelin-specific T cells restimulated with 6 myelin peptides from MBP, MOG, and PLP proteins [Tcelna and Imilecleucel-T (Opexa Therapeutics, The Woodlands, TX, USA)] in 150 patients with RRMS [133] . After 1 year, analysis revealed no difference in clinical and radiological parameters. However, based on an open-label study showing favorable effects of Tcelna [134] , a phase II, double-blind, placebocontrolled trial is currently ongoing in patients with SPMS (NCT01684761; Table 2 ) and results are expected in 2016. Another currently ongoing phase I/II trial is SCLEROLYM (NCT02427776), which is assessing safety and radiological disease activity in 18 patients with RRMS receiving autologous CD4 + T cells stimulated and expanded ex vivo ( Table 2 ). The antigen is derived from a MOG peptide modified by a thioreductase motif in the flanking residues of the cell epitopes. Inclusion criteria are, among others, a specific HLA allele (HLA DRB1*1501) and a positive in vitro test for patients CD4
+ cell reactivity to the immunogenic peptide. These preselective criteria are expected to enhance the chances of a beneficial therapeutic effect. Results from this study are expected in 2016-17.
Therapeutic vaccination using peptides from the specific autoantigen-recognizing CDR region of myelin-reactive T cells is another concept that has been tested in a doubleblind proof-of-concept trial in 23 patiens [135] . Further studies have resulted in the development of a vaccine containing 3 CDR2 peptides (Neurovax; Immune Response BioPharma, Atlantic City, NJ, USA) that has been in the focus of an open-label study in 27 patients with MS [136] . A high frequency of IL-10-secreting cells and an increased expression of FoxP3 in Tregs were observed in treated patients. Most patients remained clinically stable and further clinical studies in patients with RRMS [110] , pediatric MS (NCT02200718), and SPMS (NCT02057159) have been announced for 2016 (Table 2) .
Anti-IL17A-directed Therapies
Several mAbs are currently being developed to target IL-17 (and, indirectly, Th17 cells). Secukinumab is a mAb that neutralizes IL-17A aiming at suppression of pathogenic Th17 cells, a key population not only in MS, but also in T-celldriven inflammatory pathways in different autoimmune disorders. So far, secukinumab has been tested in 3 different prototypic diseases. In psoriasis, it showed convincing results in a phase II trial in 404 patients and 2 phase III trials in > 2000 patients [137, 138] , leading to its approval in 2015; however, it failed to show efficacy in a phase II trial in refractive rheumatoid arthritis (RA) [139] . In a placebo-controlled proof-ofconcept study in 73 treatment-naïve patients with RRMS, secukinumab treatment resulted in a significant reduction (67 %) of new gadolinium-enhancing lesions in MRI measurements after 24 weeks [140] . Based on these results, the efficacy of secukinumab was assessed in a placebo-controlled, randomized, phase II trial in patients with RRMS (NCT01874340). However, this trial was terminated early after enrollment of only 28 patients, and effect on outcome measures cannot be determined. The sponsor indicated that this decision was based on the development of another anti-IL17 antibody, called CJM112, with superior potential to secukinumab. A phase II proof-of-concept study (MABINGO) in 360 patients with MS is currently being initiated [141] .
The alternative anti-IL-17A antibody ixekizumab recently showed positive results in 2 phase III trial in 2500 patients with psoriasis and has subsequently been submitted to the US Food and Drug Administration for approval to be used as a treatment for moderate-to-severe plaque psoriasis [142] . So far, evaluation of ixekizumab for psoriatic arthritis has been announced, while a potential clinical program for MS or neuromyelitis optica remains unclear.
The third late-stage IL-17 pathway targeting antibody in psoriasis is brodalumab, which binds the IL-17 receptor A. Brodalumab has showed efficacy in phase III clinical trials for the treatment of psoriasis [143] . However, one of the responsible pharmaceutical companies decided to withdraw from the clinical development of brodalumab, based on results of clinical studies which showed an increase in suicidal thoughts and completed suicide risk. Further information on the future of brodalumab is pending. Moerover, it is as yet unclear whether a putative link between suicide ideation and IL-17 targeting might even be a class effect, and evaluation of preclinical and postmarketing data is currently awaited. It should be pointed out that brodalumab has a broader effect than secukinumab and ixekizumab as it also blocks the cytokines IL-17B, IL-17C, IL-17D, IL-17E, and IL-17 F. As targeting IL-17A has showed a remarkable clinical impact in psoriasis, clinical evaluation in MS is of great interest provided that the potential risks are acceptable.
Anti-CTLA-4-directed Therapy (Abatacept)
Co-stimulatory molecules deliver secondary signals enhancing or downregulating TCR responses. Cytotoxic Tlymphocyte-associated protein 4 (CTLA-4; CD152) is an extensively studied coinhibitory molecule expressed on T lymphcoytes, dampening immune responses upon binding to CD80 or CD86 on APC [144] . Activation of the CTLA-4 pathway reduces immune activity, which has led to the clinical approval of CTLA4-Ig (fusion protein of CTLA-4 and antibodies; abatacept) for RA and a second-generation form, belatacept, for renal transplantation. In contrast, antagonistic antibodies for CTLA-4 increase immune activity. Ipilimumab has been approved for the treatment for melanoma and is currently under investigation for multiple types of cancer. Anti-CTLA-4 treatment increased clinical signs of EAE in animal models [145, 146] . Abatacept has showed safety and favorable immunological effects in a phase I clinical trial in patients with RRMS [147] , while an initial placebo-controlled phase II trial in 219 patients was halted prematurely because of an increased relapse rate and MRI activity in an abatacepttreated group [148] . However, a post-hoc analysis revealed that patients in this treatment arm had a higher baseline activity at the time of study inclusion, providing the rationale for another attempt a few years later. A subsequent randomized, double-blind, placebo-controlled phase II clinical trial in 65 patients with RRMS (ACCLAIM study, NCT01116427; Table 2 ) has recently been completed, but the final results are still pending.
Cytokine-directed Therapeutic Approaches (IL-7, IL-2)
A few years ago, genome-wide association studies confimed the influence of genetic factors on the development of MS. Immune-related genes have repeatedly been confirmed, mainly in the HLA gene cluster, but also in specific signaling pathways like the IL-2 receptor, the IL-7 receptor, or CD58 [149] . IL-7 signaling plays an important role in T-cell development, homeostasis, and generation of memory T cells, and therapeutic targeting has been considered for various immunemediated diseases [150] . RN168 is a mAb inhibiting the human IL-7 receptor and a dose-finding phase I study was started to evaluate the safety and tolerability of this approach (NCT02045732). The study was terminated early by the sponsor in April 2015 for reasons unrelated to safety. At present, further background information or clinical data from this trial have not been released.
The pleiotropic effects of IL-2 on T lymphocytes have been studied previously, in detail [151] . IL-2 induces proliferation and promotes expansion of TCR-stimulated T cells [152, 153] . Both activated effector T cells and CD4
+ Tregs display high levels of the IL-2 receptor CD25. IL-2 deficiency in KO mice resulted in autoimmune-mediated lethal lymphoproliferation induction, a critical function of IL-2 in regulating peripheral T-cell tolerance [154] [155] [156] . Indeed, IL-2 receptor signaling is fundamental for the development and peripheral homeostasis of Tregs. Interestingly, the net biological effects of IL-2 are dose-dependent and, at a low dose, IL-2 preferentially expands Tregs. In patients with MS, Tregs show impaired functional properties (see [157] for a detailed review). A randomized, double-blind, placebo-controlled, phase II clinical trial with repeated administration of low-dose IL-2 has been announced (NCT02424396; Table 2 ). The primary end point is the increase in Tregs compared with baseline after 5 days, indicating a biological response to this treatment. Secondary end points include a longer-lasting effect after months and radiological disease parameters. The results of this trial are expected in 2017.
Regulatory T Lymphocytes as Therapeutic Targets
Strategies aiming to enhance the function of immunoregulatory CD4 + CD25 + T cells have the potential to mediate beneficial effects in MS and T-cell-mediated autoimmune disorders. The anti-CD4 mAb tregalizumab (BT-061) selectively activates the suppressive properties of Tregs by binding to a unique conformational epitope on domain 2 of CD4 [158] . In contrast to other known CD4-binding antibodies, tregalizumab induces a suboptimal activation of TCR downstream pathways preferentially generating Tregs. An initial phase II study in RA did not meet primary end points and it is currently being re-evaluated whether pilot studies will be conducted in other autoinflammatory conditions such as psoriasis or MS.
Anti VLA-2 Therapy (Vatelizumab)
Based on successful clinical experience with natalizumab, the transmigration process of immune cells across the BBB into the inflamed CNS tissue has been brought to the fore of pharmacological research. Vatelizumab is a mAB directed against α2β1 integrin (VLA-2) on activated lymphocytes, preventing binding to collagen [159, 160] . It has shown efficacy in preclinical models and it is assumed that vatelizumab prevents lymphocytes from binding to collagen fibres that build up in inflammatory sites. Currently, a phase II, double-blind, randomized, placebo-controlled clinical trial evaluating multiple doses of vatelizumab in 168 patients with RRMS is ongoing (EMPIRE, NCT02222948; Table 2 ). The primary outcome measure is the cumulative number of new contrastenhancing lesions. The treatment period is only 12 weeks, followed by a safety follow-up period of up to 92 weeks. The first results might be expected at the end of 2016, while study completion is due to be 2018.
Conclusion
Based on a growing understanding of the immunpathogenesis of MS, the field is rapidly evolving towards more effective therapies with biologicals [161] . More efficacious interventions in specific immune system pathways hold the potential towards a better control of disease efficacy and novel treatment concepts for a Bfreedom from disease activity^or even Bcontinuous improvement of disability^. In MS, the targeting of T lymphocytes has evolved into a cornerstone of successful therapy. Novel recent approaches either target specific immune cell populations (alemtuzumab: T and B lymphocytes) or specific mechanistical pathways derived from pathophysiological studies (natalizumab). However, some of these therapeutic approaches also potentially involve novel unexpected adverse events such as potentially fatal infections, for example PML, or can induce secondary autoimmune phenomena. Furthermore, even the growng armamentarium of approved therapies for MS does not prevent disease progression in a substantial number of patients, underlining the necessity for both immunological and neuroprotective approaches. A number of clinical trials with novel T-cell-directed therapies is currently ongoing following different directions: targeted inhibition of CNS antigen-specific T cells, especially in the very early phase of the disease, has the potential to be a direct and highly specific way of inhibiting pathological CNS immune responses without major side effects. Furthermore, the modulation of specific T-cell-associated molecules and pathways provides the opportunity for individual tailored clinical therapies. In view of these current developments, targeting T cells will certainly remain a vital element in MS therapy. It remains to be speculated whether the goal of reinduction of CNS tolerance in MS (by very specific T-cell-tailored therapies) will ever be superior to the increasing armamentarium of biologicals generally modulating T-cell function via selective depletion, lymphocyte sequestration, or T cell/immune cell subset lineage deviation. One key goal with the latter approaches is certainly better individualization of treatments, with regard to principle choice in the individual patient and also to drugspecific prediction of response and risks.
